We have used the Long Baseline Array to observe the Circinus Galaxy H 2 O megamasers on two epochs separated by 49 d. The masers were observed to be highly variable, consistent with previous studies. We observe rapid variations in the linewidth and central velocity of the maser's spectral profile. The characteristics of these spectral variations suggest that the masers have an anisotropic structure, with axial ratios 5, and display velocity gradients in their microarcsecond structure. We also find a strong anticorrelation between the linewidth and the modulation index of the maser features and a relationship between the modulation index and characteristic time-scale of the variations. These various phenomena can all be simply explained through a model where the rapid variations in the masers are produced by quenched diffractive scintillation in the presence of modest velocity gradients in the maser emission.
I N T RO D U C T I O N
The Circinus Galaxy is a nearby (4.2 ± 0.8 Mpc) active galactic nucleus (AGN) (Freeman et al. 1977) which harbours some of the brightest H 2 O megamasers (Gardner & Whiteoak 1982) . The emission appears to trace out a near-Keplerian low-mass disc orbiting a 1.7 ± 0.3 × 10 6 M central object, together with a low-velocity (∼100 km s −1 ) parsec-scale nuclear outflow (Greenhill et al. 2003a ) aligned with a kiloparsec-scale outflow and ionization cone (Elmouttie et al. 1998; Veilleux et al. 2003) . The disc structure has been also imaged by mid-infrared interferometry using the Very E-mail: jmccallu@utas.edu.au (JNM); simon.ellingsen@utas.edu.au (SPE); jim.lovell@utas.edu.au (JEJL); chris.phillips@csiro.au (CJP); john.reynolds@csiro.au (JER) Large Telescope Interferometer (VLTI) (Tristram et al. 2007 ). The mid-infrared observations were mainly sensitive to the presence of warm dust and were fitted by a two-component model -a highly anisotropic Gaussian of ∼0.4 pc major axis, together with a larger spherical region with a radius of ∼1 pc. The size and orientation of the disc component agrees well with the results of the previous very long baseline interferometry (VLBI) imaging of the H 2 O maser emission. Additionally, the interferometric measurements suggest that the dusty medium is considerably clumpy or filamentary.
The Circinus megamasers are also notable for their short timescale variability. First observed in 1995 (Greenhill et al. 1997) , the variability differs between maser features in the spectrum, but is generally rapid (characteristic time-scales ≤1 h) and large amplitude (10-20 per cent rms variations). In addition to the rapid variability, observations with greater duration commonly see longer time-scale variability superimposed. The recent discovery of rapid variability C 2009 The Authors. Journal compilation C 2009 RAS in the line shape of the maser features (McCallum, Ellingsen & Lovell 2007, hereafter MEL07) can be well explained as a consequence of velocity gradients in the masing medium. Various mechanisms have been proposed as to the origin of the rapid variability, such as variations in the pumping rate of the masers, amplification of variable background source, weak scintillation in a nearby screen or quenched diffractive scintillation in a more distant screen (Greenhill et al. 1997; McCallum et al. 2005) . Of these, the quenched diffractive model can most readily explain the wide range of variability characteristics, although there has been no conclusive evidence to date. No unusual or extreme conditions are required to reproduce the observed variability in this model, unlike the case for the other proposed explanations. The arguments for and against these models have previously been discussed in detail by MEL07. As such, we will proceed under the working assumption that the variability of the Circinus megamasers is caused by quenched diffractive scintillation in a distant screen.
Scintillation in radio sources is analogous to the twinkling of stars, with the ionized interstellar medium (ISM) taking the role of the turbulent atmosphere. It is common to model the scattering medium as a thin screen of turbulent plasma, which creates a pattern of phase changes on an incident wavefront, leading in turn to an interference pattern of intensity fluctuations at the observer. The motion of this 'frozen' pattern of intensity fluctuations across the line of sight leads to the observed temporal variability (Rickett 1990; Narayan 1992) . This transverse motion gives us two unequivocal tests for scintillation as the cause of the observed variability, detection of an annual cycle in the time-scale of variability, or the detection of a time delay in the scintillation patterns observed at different telescopes. The annual cycle is a consequence of the Earth's motion around the Sun, which imparts a varying transverse velocity of ∼30 km s −1 with respect to the local standard of rest. Unless the screen has a significant intrinsic transverse velocity, this will be the dominant contribution to the screen velocity. The result is a scintillating medium with a speed that varies according to a characteristic annual cycle. As the characteristic time-scale of the variability is inversely proportional to the relative speed, observing an annual cycle in the time-scale is both confirmation that scintillation is responsible and also a way to estimate the transverse screen velocity of the ISM (Macquart & Jauncey 2002; Rickett, Kedziora-Chudczer & Jauncey 2002; Bignall et al. 2003) . For the time delay, the intensity fluctuation recorded at different widely spaced telescopes will be sampling different parts of the frozen scintillation pattern. For almost all scintillating sources, the size of the frozen pattern is considerably larger than any Earth-scale baseline. As such, the different telescopes will see the same pattern but at different times as the motion of the medium moves the pattern across the line of sight. For an intercontinental baseline of 10 000 km and an ISM speed of 30 km s −1 , the geometric time delay can be of the order of several minutes (Dennett- Thorpe & de Bruyn 2002; Bignall et al. 2006) .
However, the measured time delay may be considerably different from the geometric time delay if the scintillation pattern is anisotropic. This has been inferred from the recent observations of PKS B1257−326 (Bignall et al. 2006) .
Circinus is no longer the only extragalactic H 2 O megamaser to display scintillation-induced variability. NGC 3079 has been found to display variability of a comparable time-scale and amplitude to that observed in Circinus, although it appears that in this case the scintillation is in the weak scattering regime (Vlemmmings, Bignall & Diamond 2007) . This difference is expected, given the different paths through the ionized ISM that these sources probe.
While Circinus is viewed through the thickness of the Galactic Plane and is within the solar circle, NGC 3079 is close to the anticentre, at a relatively high Galactic latitude. The path to Circinus thus experiences vastly more scattering from the ionized plasma near to the plane.
The Circinus megamasers also display rapid variations in the full width at half-maximum (FWHM) and central velocity of the Gaussian profiles fitted to maser features in the spectrum, as reported in MEL07. We refer to this as spectral variability hereafter. The variations in these parameters are relatively small, with an rms of the order of a few per cent of the FWHM and tend to be more rapid than the intensity variations. For maser features which are unaffected by spectral blending, the spectral variability is uncorrelated with the intensity variations. Spectral blending, where the flux density of a velocity channel has contributions from multiple maser sources, can create apparent spectral variability but this tends to be strongly correlated with the intensity variations of the dominant maser feature.
The spectral variability is readily understood as a result of source structure in the water megamasers. MEL07 argued that the rapid spectral variability in the Circinus megamasers is caused by quenched diffractive scintillation, where the angular size of the water masers exceeds that of the diffractive scintles. When considering different spectral channels in a maser feature, the properties of the screen should not vary significantly over the very small frequency differences, but the brightness distribution may. Unless each velocity channel of the maser feature has an identical brightness distribution, the light curve of each channel will differ from the others. As such, differences in the size, orientation or location of the brightness distributions of the different velocity channels will naturally lead to differences in the light curves of the channels. In particular, if the masing medium contains a velocity gradient as is commonly seen in the microstructure of Galactic H 2 O masers (e.g. Imai, Deguchi & Sasao 2002) , then this will naturally create spectral variability. When the maser profile is fitted with a Gaussian, these small differences manifest as variations in the central velocity and width, and are expected to be uncorrelated with intensity variations and more rapid. The relatively small amplitude of the central velocity and width variations indicates that the differences in the brightness distributions of the peak channels are modest. Given the environment of the accretion disc and nuclear outflow where the masers are located, such structures seem plausible.
The result of this complexity in the source is that the analysis is similarly complex with many results contingent on others. In discussing the intensity and spectral variability as seen in the singledish data, we make reference to the results of the VLBI imaging, which can give us an estimate of the degree of spectral blending, where multiple sources have emission within the same velocity channel of the spectrum. Similarly, in estimating the time delay, the final analysis is based on the least-squares minimization of the spectral variability of the strongest maser line. As such, we have adopted the following structure for the paper. In Section 2 we discuss the details of the observations and then the data reduction and analysis for the VLBI and single-dish data, before dealing with the time delay analysis. We follow the same structure in Section 3, first dealing with the results of our VLBI imaging, then the singledish variability and finally the time delay.
O B S E RVAT I O N S A N D DATA R E D U C T I O N
The data consist of two observations carried out on June 13 and the 2004 August 1. The telescopes used were the Tidbinbilla 70 m, The values given for Parkes are approximations, determined from the quotient amplitude of the Parkes spectra compared to the Tidbinbilla flux density spectra. No system temperature information could be recorded for Parkes as no noise diode was installed. In both cases, the centre frequencies were chosen to ensure a 2-MHz overlap in the bandpasses. These will be referred to as the blue and red bandpasses, respectively, throughout. For the crosscorrelation data, each bandpass was split into 1024 channels for an effective velocity resolution of 0.21 km s −1 . For the single-dish data, the effective velocity resolution was either 0.05 or 0.11 km s −1 depending on whether the autocorrelations were measured through station-based spectrometers (Tidbinbilla and Hobart) or through the LBA correlator from data recorded to tape via the S2 system (ATCA and Parkes).
An unnoticed change to the ATCA 12-mm IF chain resulted in the recording of RCP throughout the first epoch, with no fringes on either the ATCA-Parkes or the ATCA-Hobart baselines. Weak fringes were detected between the ATCA and Tidbinbilla thanks to the extremely high sensitivity of the Tidbinbilla telescope and some impurity in the recorded polarizations. The problem was identified during the second epoch of observations and to ensure fringes, the ATCA recorded linear polarizations throughout. Fringes were detected on all baselines.
A configuration error at Hobart resulted in the first IF being recorded to both bandpasses. As such, no blue bandpass data could be correlated for the Hobart baselines in either epoch. Without the long baselines to Hobart, the synthesized beam was considerably larger for the blue bandpass. Table 2 summarizes the results of the imaging process.
VLBI
The data were loaded into AIPS 1 using ATLOD and reduced using standard VLBI techniques. Autocorrelation data on the continuum sources were used to estimate the scalar bandpass function for each telescope. Applying this to the data, the continuum sources were then used to obtain delay and rate estimates via FRING. Complex bandpass calibration was then performed and the solutions were applied to the Circinus data.
Amplitude calibration of the Circinus data was accomplished using the technique described by Greenhill et al. (2003a) , by comparing the autocorrelation amplitude of the strongest line to a template spectrum, obtained at high elevation with a sensitive antenna. This technique is commonly used in spectral line VLBI and was carried out using the AIPS task ACFIT. However, the scintillation variability of the source will be interpreted as gain errors by this process, and the gain solutions correcting this will apply that scintillation pattern to every other maser in the data set. Greenhill et al. (2003a) found that their final images were not significantly affected by amplitude gain errors, with sources being well fitted by point sources and with peak amplitudes matching the single-dish flux density. Amplitude errors in VLBI data tend to scatter power in the image, with symmetric errors. As the masers appear as unresolved point sources to the array, these errors should not affect our ability to locate the maser features but may diminish the peak amplitudes.
The strongest maser feature, located at 560.6 km s −1 in the red bandpass was used to estimate the residual fringe rate and was subsequently used as the target for phase-only self-calibration. These solutions were then applied to both bandpasses. This was necessary as there was no maser in the blue bandpass of sufficient strength to use for self-calibration.
Imaging was carried out using the AIPS task IMAGR to produce spectral cubes made up of the inner 96 per cent of the bandpass, and to CLEAN them. Maser spots (emission spots in individual velocity channels) were identified by fitting Gaussian profiles to the CLEAN images of the spectral cubes, using SAD. The threshold for detection via SAD was set to 5σ , where σ was estimated from the emissionfree regions of the images. In all cases, the fitted profile of the maser spot was consistent with the beam profile, indicating that they are point-like to the array. This indicates that the amplitude errors have not caused significant errors in the resultant images. Lists of the positions and flux densities of the maser spots were then exported into MATLAB for further analysis.
Maser features in Circinus usually have a FWHM of ≥0.6 km s −1 , as measured in the single-dish spectra. Thus the maser feature spans several channels in the VLBI spectrum. To identify the maser features from the spot maps, it is necessary to group together the individual maser spots that make up the maser feature. However, the resolution of our VLBI images is not sufficiently high that we can always distinguish individual maser features directly from the maser spot maps. In many cases, the measured maser spot is a composite of emission from two sources which are unresolved in both position and velocity. In order to deal with the blending and to identify the maser features, a two-step procedure was applied to the data. First, a grouping program was applied to the data to collect maser spots that are nearby in both position and velocity. Secondly, Gaussian profiles were fitted to the spectra of the groups of maser spots.
A maser group was defined as a series of maser spots in at least three adjacent channels that are separated by less than 0.5 mas from their neighbours. Additionally, the emission had to show a clear peak channel. Once grouped, the spectra were examined and Gaussian profiles were fitted to the spectra of each group. It is worth noting that in the majority of cases the spectra of the groups were not well modelled by a single Gaussian component, indicating that either there are regions where multiple maser features are coincident (to the resolution of our images) or that the features have significantly non-Gaussian profiles.
These blended group spectra were fitted by including additional Gaussian components until the residual error in the fit was consistent with the noise level. To estimate the reliability of our solutions, we have examined the stability of the solutions as the number of Gaussian components fitted for was increased. Generally, the fits to the strongest emission (which appear as distinct peaks in the spectrum) rapidly converged and remained stable when additional components were introduced, while fits to the weaker emission did not. Thus, while this technique performs well and robustly in estimating the characteristics of the strong maser features, solutions for weaker and heavily blended features are less reliable.
The difficulties in resolving the weaker emission in blended spectra is a result of both the limited spectral resolution of our data and the likelihood that the intrinsic profile of the maser features differs from a perfect Gaussian profile. For Galactic water masers, the spectra are very well fitted by a Gaussian profile, with relatively small deviations, of the order of a few per cent across the profile (Watson, Sarma & Singleton 2002) . For strong lines these deviations may be larger than the noise level, and thus end up being fitted as another weak source. However, from our observations of spectrally and spatially distinct maser features, it appears that the relatively coarse spectral resolution is a greater limiting factor. Figure 1 . An example of high levels of spectral blending. The upper panel shows the VLBI spectrum of the group of maser spots located to the northeast of the phase-reference position, at a relative RA and Dec. of (+10.4, +5.8) mas. The middle panel shows the solution for multiple Gaussian components to the same VLBI spectrum and the lower panel repeats these with the colour of the spectrum indicating the degree of spectral blending within that spectral channel. High values indicate spectral purity, where all of the flux density is from a single component. It is worth noting that the apparent peak channels of several spectral features, notably at ∼600 and ∼610 km s −1 , are not well fitted as the peaks of a Gaussian component and are apparently heavily blended. Fig. 1 shows an example of a highly blended spectrum together with the derived solution for the Gaussian profiles. The degree of blending was estimated by dividing the highest individual Gaussian's contribution to the flux density of a channel by the total flux density of the channel. High values are thus indicative of spectral purity.
Positions for the individual maser features were obtained by averaging the positions of the maser spots making up the maser feature. For blended lines, the positions were weighted by the proportion of the feature's flux density in the spot flux.
Single-dish data
Autocorrelation data from each telescope were recorded either through station-based spectrometers (Tidbinbilla and Hobart) or Figure 2. Average spectra of the Circinus megamasers observed at Tidbinbilla. The upper and lower panels show the observed spectrum from the first epoch and second epochs, respectively. The strongest emission in the spectrum is from the same apparent source in both epochs, at a velocity of ∼560.6 km s −1 . To show the peak of the emission, the scaling of the flux density axis differs between the plots. The velocity range is identical for the two spectra.
through the LBA correlator from data recorded to tape via the S2 system (ATCA and Parkes). The data were formed into quotient spectra, using the continuum sources as bandpass calibrators, and then scaled using the measured system temperatures. For telescopes with well-established gain curves, these were also applied to the data. The losses from atmospheric opacity were estimated by either tipping scans or by fitting the behaviour of the system temperature throughout the observation. Appropriate corrections were then applied to the data. Fig. 2 shows the average spectrum for each epoch, from the Tidbinbilla data.
After this process it was obvious that there were still substantial gain errors in the data, at the level of 5-10 per cent. These gaintype errors manifest as correlated variability in all observed spectral features. These residual gain errors are likely caused by pointing errors and changes in opacity and system temperature.
To calibrate the residual gain errors, we have used the fact that these factors will affect all the emission in the bandpass equally. On the left-hand side are shown light curves of the 560.6-, 519.9-and 575.3-km s −1 maser features, using spectra from Tidbinbilla in the second epoch. The data at this stage have been calibrated for variations in the measured system temperature, elevation-dependent gain and losses from atmospheric opacity. It is clear from the data that there are still substantial gain variations present, leading to strongly correlated variability observed in all lines such as the dip at ∼9.1 UT. A subreflector tracking problem, leading to pointing errors is known to have been responsible for this event. The residual gain can be estimated by the variability pattern shown by the average of the maser emission. The estimated residual gain has been used to correct the gain curves and the result is shown on the right-hand side of the figure. Note that the scale of the variations has decreased significantly with the application of the residual gain calibration. The amplitude and time-scales of the residual gain variations is consistent with small changes in the system temperature, opacity in the atmosphere and/or pointing errors.
While scintillation creates variability, the scintillation patterns of different maser features are uncorrelated (McCallum et al. 2005 ). As such, summing together the emission of many lines should average out the effects of scintillation while the correlated variations from the residual gain remain. In practice, this is best done by averaging together all the spectral channels with an average flux density above a chosen limit, usually ∼2σ where σ is the rms noise level in a 3-min integration. Normalizing the summed flux density to a mean of 1 gives an estimate of the residual gain variations which can then be applied to the data. For the Tidbinbilla data, the estimated gains were sufficiently accurate to be directly applied to the data. The effectiveness of this method is illustrated in Fig. 3 which shows the light curves of the 560.6-, 519.9-and 477.2-km s −1 lines, before and after the application of the residual gain correction. In this example, the gain variations are known to have been caused by a subreflector tracking error, causing a loss of pointing accuracy.
For the Parkes and ATCA data, the higher system temperatures of these telescopes lead to the estimated gains having a higher noise level. A smoothed version of the estimated gains was instead applied. No residual gain correction was applied to the data from Hobart as in a 3-min observation, only the main line was detectable. To reliably detect enough maser features to apply the residual gain technique would require integration times of tens of minutes, larger than the scintillation time-scale. Therefore, Hobart data were not included in our time delay measurements.
The 2σ limit for spectral channels included in residual gain estimation was used as it has been found that adding successively weaker emission channels tends to increase the noise of the estimated solution. There are three main sources of error in the estimated residual gain -the thermal noise in the spectrum, the variability caused by scintillation and the effect of bandpass estimation errors. The rms error level from thermal noise in the final sum is proportional to √ N , where N is the number of channels. Thus, a flux density limit is necessary as adding in emission-free channels leads to an increase in the error and a corresponding loss of sensitivity. As the effect of the residual gain variations is generally low (of the order of 5-10 per cent), weaker channels provide only a marginal contribution and are best excluded. The low flux density limit was chosen as a balance between the effects of random noise and the contribution from scintillation. For a higher flux density limit, fewer maser features are averaged together leading to a higher level of variability from scintillation in the residual gains. It should be noted that it was necessary to exclude the channels making up the 560.6-km s −1 feature from the summation. The reason for this is that the flux density of the 560.6-km s −1 feature alone accounts for between 15 and 20 per cent of the total maser emission. If it is not excluded, then the estimated residual gain clearly echoes its variability pattern. There is no such effect observed for any of the other strong lines.
The effect of bandpass estimation errors was found to be the largest contributor to the error in the derived gain solutions. All the telescopes were affected by variations in bandpass structure, which were time variable. These usually appeared in the form of ripples across the bandpass. In the 3-min smoothed data, these were usually quasi-sinusoidal with a few cycles across the bandpass and of a peak amplitude comparable to the noise level. While a fit to the residual bandpass was attempted, the scarcity of emission-free channels and the complex structure of these ripples means the results are imperfect, and are worst in regions with a high density of maser features. This means that in the regions that will be targeted in the estimating of the residual gains, the effect of the bandpass estimation errors is greatest. Also, the correlation of the errors across a large number of channels means that their contribution to the error in the estimated gain is larger than that for white noise. This was confirmed by fitting residual bandpasses to the spectra of the calibrator sources, using only those channels which were emission-free in the Circinus spectra. While the overall rms errors in the continuum channels after secondary fitting were only slightly above the thermal noise level, the error in sum of these channels was approximately twice as large as was expected from white noise of the same rms level.
The overall effectiveness of the residual gain calibration can be estimated by comparing the Tidbinbilla and ATCA data. From the results of our time delay measurement, any time delay between the telescopes must be relatively small, with a 1σ upper limit of ∼20 s. Simulations using the upper limits of the time delay indicate that the effect of a time delay on the relative amplitudes over the course of the observation would be a gain-type error of the order of 0.5 per cent. Using the light curve of the strongest line for comparison yields a relative error of 3.1 per cent, considerably larger than expected from the time delay. The contribution from thermal noise is expected to be ∼0.25 per cent for Tidbinbilla and ∼0.45 per cent for ATCA for a total relative error of ∼0.7 per cent. The combined error of the gain errors of the two telescopes is therefore ∼2.4 per cent. Given that the accuracy of the residual gain technique should be roughly proportional to the noise level, we estimate that the accuracy of the calibration of the Tidbinbilla and ATCA data is 1 and 2 per cent, respectively.
A relative calibration to set the flux density scale between the telescopes was performed by comparing spectra observed over a common time range by all telescopes. Tidbinbilla was chosen as the reference telescope in this case. Corrections were 10 per cent or less.
Finally, individual maser features had Gaussian profiles fitted to their spectra, in order to measure both their amplitude and spectral variations. The fits were made using a least-squares fitting routine. We have previously reported observations of spectral variability in ATCA observations, where rapid variations in the fitted FWHM and central velocity of the strongest line were observed (MEL07). With the greater sensitivity of the Tidbinbilla data, we are able to confirm the presence of rapid spectral variability in the Circinus megamasers. This has been observed in both epochs and also in multiple lines. In discussing scintillation variability of individual maser sources, we will generally be referring to the variability in the fitted amplitude of the Gaussian profile. Where we refer to the variability of individual spectral channels that comprise a maser feature, we will make the distinction explicit.
Using Gaussian fits to estimate the intensity variations is desirable, as the fitted peak flux density has a significantly better signalto-noise ratio when compared to the peak channel of the spectrum. It also offers us a way of observing spectral variability occurring within the maser feature. However, it is not always appropriate to interpret the variability as directly corresponding to a change in a single maser feature. Our VLBI imaging shows that the flux density of a given channel in the single-dish spectrum may contain contributions from other maser sources, whether spatially distinct (on VLBI scales) or not. This spectral blending is extremely difficult to separate in the single-dish spectrum and can cause apparent spectral variability unrelated to the main maser feature under study.
Nevertheless, the variations in the central velocity and FWHM of the Gaussian fit serve as a useful proxy for the spectral scintillation when comparing the variability patterns recorded at different telescopes. While the observed spectral profile of a blended maser feature may not accurately represent the intrinsic profile of the unblended maser feature, the overall shape of the profile should be the same for data recorded at different telescopes. Gain-type errors will be evident when comparing the fitted amplitudes, but these should not affect the observed variations in the FWHM or central velocity. In general, the variations in the central velocity are better estimated than the variations in the FWHM. This is mostly due to the fact that the central velocity is largely determined by the peak channels, with the highest signal-to-noise ratio.
As in our previous work, we characterize the variability of the different lines using the modulation index and half width of the flux density autocorrelation function (ACF). The modulation index μ is defined as the standard deviation of the light curve, divided by its mean. The noise level in our spectra was estimated from the rms of the line-free channels. In calculating the modulation index, the standard deviation of the light curve was corrected by subtracting the estimated noise level in quadrature. The ACF was computed using the Discrete Correlation Function (Edelson & Krolik 1988 ). This is a technique which estimates the correlation function directly from unevenly sampled data, without the use of interpolation. The computed ACF suffers much higher errors at lags for which there is little or no data due to the sampling pattern. However, for our data the gaps are not regularly spaced and thus the errors caused by gaps in the data are negligible in comparison to the estimation errors caused by the stochastic nature of scintillation. The accuracy of the measured DCF in reproducing the underlying ACF is a function of the number of scintles sampled. Rickett et al. (2002) gives formulae for calculating the error in the correlation function and we have used this in estimating the errors in the measured time-scales. The estimation of the modulation index is similarly limited in accuracy by the duration of the observation. Stinebring et al. (2000) gives an estimated fractional error in the modulation index of 0.9 √ t char /t obs , where t obs is the duration of the observation and t char is the characteristic time-scale. We use this formula in presenting our results.
Time delay measurement
Measurement of a time delay between the light curves of a scintillating source has been successfully achieved for J1819+3845 (Dennett- Thorpe & de Bruyn 2002) , PKS B0405−385 (Jauncey et al. 2000) and PKS B1257−326 (Bignall et al. 2006) . In these observations, the time delay has been considerable -of the order of minutes. For our data, the available baselines are much shorter (∼500 km for Tidbinbilla-ATCA, as opposed to the ∼10 000 km for VLA-ATCA) hence order of magnitude shorter time delays are expected.
Our initial attempts compared the amplitude of the fitted Gaussians recorded at different telescopes to estimate the time delay. As outlined in Section 2.2 further investigations revealed that the level of relative gain errors was too high to give meaningful results. To avoid this problem, we instead used the spectral variability as displayed by the central velocity of Gaussians fitted to the strongest line in the spectrum. As noted earlier, this is a useful proxy for spectral variability which is immune to the effects of relative gain errors.
In searching for time delays, we have concentrated on small sections of the data, where local maxima or minima in the central velocity variations are observed. While the expected time delay is dependent on the baseline length and orientation, these observations are of sufficiently short duration that the change in the baseline vector is negligible, and thus any time delay present in the data should be constant. Fig. 4 shows an example time-series and the results of attempts to measure time delays through least-squares fitting and the crosscorrelation function. To estimate the time delay via the least-squares method, the difference was calculated by the squared differences between the points of the two time-series. These values were then binned to give the mean squared error as a function of lag. The lag at which the minimum value of the error function was found was taken as the time delay between the two telescopes. For the crosscorrelation technique, the DCF was used and the time delay was estimated as the peak of the function. We have attempted several variations on these techniques and tested their effectiveness through extensive Monte Carlo simulations of our data. To estimate the accuracy of our techniques, the time-series of the local maxima/minima were simulated, using polynomial curves, taking the Tidbinbilla data for a template. The simulations were made using smoothed versions of the variability of the velocity channels on the main line with an average signal-to-noise ratio of five or more, these being the significant channels for fitting a Gaussian profile. This time-series was then copied and resampled to match the observed Tidbinbilla and ATCA data, with a random time delay of tens of seconds applied to one of the data. Appropriate levels of white noise were applied and then the simulated data was reduced as per our observations, with boxcar smoothing in time and Gaussian fitting. The accuracy of the time delay measurement techniques in recovering the applied time delay were then tested.
Of these techniques, the least-squares method has proved to be the most robust estimator. The cross-correlation technique proved The minimum value is reached at a lag of 17 s, shown by the vertical dashed line. This is consistent with a zero lag delay, based on the known noise levels in the Tidbinbilla and ATCA data. The lower right-hand panel shows the cross-correlation function. Note that the maximum correlation value is greater than one, and that the estimated time delay is very large (∼200 s). Tests using simulated data indicate that the measured cross-correlation has been distorted by the gaps in the sampling of the ATCA data, leading to the excessively high correlation coefficient and apparent time delay. While the simulations could diagnose the problem, no corrections could be determined, as discussed in the text. unreliable for our data. The problems were caused by the relatively large gaps in the ATCA data created by regular calibrator observations. These were necessary to keep the tied array in phase. In cross-correlation, the value is estimated as the sum of the product of the two time-series. For data where one series has an irregular sampling pattern, then the number of available products will vary as a function of lag, as will the relative significance of parts of the time-series. While it is relatively simple to correct for the effects of different numbers of available products, the effect of relative weighting of the time-series is more difficult to correct. For example, if in the ATCA data the peak of a scintle is better sampled on the rising phase than the falling phase, then the estimated correlation will be different for time delays that shift the Tidbinbilla data towards the rising side, compared to those of the opposite sense. In the first case, the sum will have a greater number of products featuring the peak of the scintle while in the second case, the majority of the products will be from the rising phase of the data. Whether this leads to an overestimation or underestimation of the correlation coefficient depends on both the sampling pattern and the intrinsic shape of the time-series. The results of this distortion in our data are structures in the DCF which mimic time delays. In Monte Carlo simulations to test the effectiveness of the techniques, the effects of sampling on the DCF proved to be considerably stronger than any realistic applied time delay. As such, no reliable time delay estimates could be retrieved. While the expected distortion of the correlation function can be estimated, it still does not provide Fig. 4 . This distribution of the result of 1000 trials, where a random time delay of some tens of seconds was applied to simulated Tidbinbilla data. The measured error in this diagram is the difference between the measured and applied time delays, using the least-squares minimization. The black dotted line shows the fitted normal distribution. sufficient accuracy to allow for time delay measurements to be made using the cross-correlation technique.
All of our reported time delay measurements are based on the least-squares method. The accuracy of this method varied according to the rate and amplitude of the velocity variations, and the sensitivity of the spectrum. Fig. 5 shows the resultant error distribution for the least-squares minimization technique for the same scintle as shown in Fig. 4 . No time delays or significant upper limits could be obtained for the first epoch, given the weaker emission and lower sensitivity of this epoch. For the second epoch, the 1σ error in the measured time delay was found to be between 15 and 21 s, using the Tidbinbilla-ATCA baseline. This error is larger than the sampling time of 5 s, but roughly a tenth of the smoothing time of 3 min. Table 3 gives the measured time delays together with the estimated errors for the second epoch, using the 560.6-km s −1 line. 
R E S U LT S A N D D I S C U S S I O N

VLBI imaging
The results of the VLBI imaging are shown as spot maps in Fig. 6 . The overall structure of the images agrees well with those previously published (Greenhill et al. 2003a ). The emission traces out a shallow S-curve on the sky, together with some blueshifted emission scattered to the east and south. The images are well understood as representing emission occurring in a circumnuclear accretion disc, together with a low-velocity outflow oriented orthogonal to the disc. Note that the blueshifted data has a much larger synthesized beam, as these data lacked the longest baselines to Hobart. The prominent elongations in the blueshifted emission are caused by both the larger synthesized beam and higher error level in the data, giving an elongated error ellipse aligned with the synthesized beam. Also, the much 'messier' appearance of the disc-based emission in the second epoch is largely an effect of the better sensitivity of the second observation, with a more complete census of the emission. Most of the near-disc features that appear only in the second epoch are quite weak. Unlike earlier VLBI images (Greenhill et al. 2003a ), our velocity range does not extend to the highest and lowest velocity emission and as such we are unable to trace the innermost regions of the accretion disc. This makes an exact determination of the properties of the disc more difficult, as it is these regions which show the clearest velocity profile. In Greenhill et al. (2003a) , the experiment was aimed at imaging the high-velocity emission and did this using four widely separated bandpasses and longer tracks with the lower sensitivity antennas to improve uv coverage. The resultant images tend to have more circular and narrow synthesized beams and achieve better positional accuracy. For our observations, the primary aim was to get simultaneous high-sensitivity spectra of the strongest emission, with imaging as a secondary consideration. As such, there is a higher positional error in our spot maps and less information to constrain the disc model. In both current and past observations the phase-reference source was the strongest line in the spectrum. In our observations, this line is undergoing large amplitude, rapid variations in intensity. It appears that for the observations of Greenhill et al. (2003a) , the main line was less active, and thus these variations had less effect on the calibration.
We have compared our observations with the most sensitive of the observations of Greenhill et al. (1998 June) and there is good agreement in the overall structure of the images. In comparing the two images, there are a number of sources that appear to correspond between the images, with reasonably good agreement in their locations and velocities.
Given that the average spectrum of the Circinus megamasers is known to show large changes on a time-scale of months, the 5-yr interval between the observations of Greenhill et al. and ours is likely to have seen the emergence and disappearance of a large number of features. As an example, the phase reference source for both observations is located in essentially the same location relative to the inferred disc and the emission from this region spans approximately the same velocity range. However, the ∼30 Jy line that we have used as a phase reference source was undetectable as a distinct maser feature in 1998. In general, while the velocity range seen within a given region has not changed, the flux density and central velocity of the maser features filling that range have. This result applies to both the redshifted and blueshifted emission, in both the disc and outflow populations. The low rotational velocity of the disc makes an identification of the proper motions of the systemic velocity masers considerably more challenging than in the case of NGC 4258. For the Circinus megamasers, the expected speed transverse to the line of sight is expected to be at most ∼350 km s −1 for disc-based masers, and ∼100 km s −1 for the outflow. At a distance of 4.2 Mpc, this corresponds to a proper motion of at most 17.5 μas yr −1 , for systemic masers at the inner edge of the disc. For the 6-yr interval between the observations, the total displacement is approximately 0.1 mas. With position errors of the same magnitude, and considerable uncertainty in identifying individual features, no proper motions could be measured from the data. By comparison, the systemic velocity masers in NGC 4258 have a larger proper motion and higher flux densities.
They have been intensively studied over a 3-yr campaign of VLBA observations which has yielded an improved geometric distance estimate, as well as one of the most finely detailed observations of a circumnuclear accretion disc (Argon et al. 2007 ).
Comparison with single-dish spectra
One point of interest in the VLBI spectrum is its comparison with the single-dish spectrum. Fig. 7 shows the superposed VLBI and single-dish spectra. While the measured flux densities of the emission from the redshifted bandpass and of some of the isolated strong lines in the blueshifted bandpass agree well between the singledish and VLBI spectra, there is a considerable deficit between the VLBI-detected flux density of the blueshifted emission when compared to the single-dish spectrum. The deficit is most noticeable when comparing the spectrum between ∼320-420 km s −1 , where the single-dish spectrum shows a wide hump of emission together with a handful of distinct maser features, while the VLBI spectrum shows a scatter of isolated maser features.
The fraction of the single disc flux seen in the blueshifted VLBI spectrum varies between 0 and ∼95 per cent for different features, ruling out the deficit as a simple error in the relative gain calibration of the two bandpasses. One major source of error is decorrelation. As the blue bandpass lacked any lines strong enough to perform selfcalibration on, the solution obtained from the 560.6-km s −1 line in the red bandpass was applied to both. The higher noise level in the phases will naturally lead to partial decorrelation with an apparent decrease in flux density.
Another possibility is that the missing flux density may be in the form of low-intensity emission that is extended on VLBI scales. As most of the missing flux seems to be from the spectral region which corresponds to the low-velocity outflow, it is conceivable that these masers may have a different morphology from the compact discbased masers. This is not considered likely however, as the maps of the blueshifted bandpass were made without the Hobart antenna, and hence without the longest baselines. Also, in Greenhill et al. (2003a) no extended sources were found in their data, using the longer baselines to Hobart.
A third possibility is the relatively coarse spectral resolution. In processing the channel-maps of our images, we required a minimum of three consecutive channels with a flux density of at least 5σ , separated by not more than 0.5 mas from each other. This criterion is biased against weak lines that are spectrally narrow. To be detectable in our observations, the intrinsic peak flux density of a maser with a FWHM of 0.6 km s −1 is required to be ≥200 mJy, compared to ≥125 mJy for a line with a FWHM of 1 km s −1 . While the characteristic linewidth of the disc-based masers and detected outflow masers is usually ∼0.9 km s −1 , the missing maser flux may be in the form of narrow, low flux density maser features.
There is also a potential problem in our use of a 0.5 mas separation limit, in that may be too restrictive for the weakest blueshifted masers. While this is a reasonable choice for the emission in the redshifted bandpass, the wider beam and poorer phase stability of the blueshifted data makes this criterion much more demanding. The higher rejection rate for the blueshifted maser spots will tend to exclude the weakest sources whose large spatial errors have spread out beyond the limit. This effect does not appear to be a significant problem in our data though, based on an examination of the preand post-grouping data.
Yet another possibility is that the missing flux density comes from emission that is distant from the nuclear region, perhaps associated with star formation. There is evidence for ongoing star formation in a circumnuclear starburst, with a minimum radius of 10 pc (Maiolino et al. 1998 ) from the nucleus. We have tested this possibility by imaging out to a distance of 100 pc and from an examination of the source visibilities and find no evidence for masers associated with these star-forming regions.
Finally, the blueshifted spectrum, especially in the 320-420 km s −1 region is known to have a very complex spatial distribution with a number of distinct maser spots associated with a given spectral channel. The result of this is a complex structure in the uv plane which our observations may not adequately resolve. Also, scintillation has a much greater effect on imaging when the velocity channel has emission from multiple scintillating sources. For a channel which only contains emission from one unresolved maser spot, the amplitude should be equal at all points in the uv plane with phase varying depending on the positional offset from the phase reference point. As such, the effect of the scintillationinduced variability is to mimic gain-type variations without any significant effect on the phase. These gain-type variations create a deformed beam which scatters power in the image plane. For rapid fluctuations on the time-scale of minutes to a few hours, the losses in peak sensitivity are modest and the artificial sources and side lobes are generally below our detection limit, even for large amplitude gain variations. For a channel with emission from multiple scintillating maser spots, this is no longer the case. For constant amplitude sources, the measured visibilities should be a sum of the visibilities of each of the individual sources, leading to an interference pattern in the uv plane. For scintillating sources, the amplitudes of each source will be varying independently of the others, as the separation of a few milliarcseconds is far greater than the microarcsecond scale of the masers, or the tens of microarcsecond scale expected for refractive scintillation. The interference pattern produced by combining these scintillating sources contains significant amplitude and phase errors caused by the variations in the relative strength of the sources. The effect on imaging is to scatter power in the form of side lobes and spurious sources, greatly increasing the positional error and the losses in sensitivity. The effect is most marked where the sources are of comparable amplitude, and thus the interference pattern should display the deepest modulations. In this case, the effects of scintillation can be sufficient to render both sources undetectable. Again, if the outflow masers in the 320-420 km s −1 range are in the form of many spatially distinct, low flux density masers, then the effects of scintillation are likely to make them even harder to detect. The confusing effects of scintillationinduced variability are mitigated by having greater simultaneous uv coverage, especially with a range of baseline orientations. For an array with a dominant axis, such as the LBA without Ceduna, variations observed simultaneously in time become visibilities at a common orientation in the uv plane. When this occurs, the effect on the synthesized image is greater than if the same visibilities were observed at a range of hour angles.
To summarize, the underdetection in the blue bandpass is likely to be a combination of greater losses from decorrelation and to the effects of scintillation on the more heavily blended outflow masers.
The circumnuclear accretion disc
The location of the disc midline was estimated by fitting a secondorder polynomial to each of the red and blue 'wings' of the emission. The inner edge of the emission was taken to be 0.11 pc from the centre of the disc, as previously obtained by Greenhill et al. (2003a) . The systemic portion of the disc midline was estimated by linear interpolation between these inner edges and the centre of the disc was estimated as the equidistant point of the midline. The positionvelocity diagram for the second epoch is included as Fig. 8 , together with a series of fits to the rotation curve. In contrast to the highly Keplerian and well-constrained disc in NGC 4258, the emission in the Circinus Galaxy is considerably 'messier', both in the image plane and in the position-velocity diagrams. This is partly caused by the lower rotation velocity of the accretion disc in the Circinus Galaxy (∼260 km s −1 ), compared to NGC 4258 (∼1100 km s −1 ). Further, without the highest velocity emission located at the inner edge of the masing disc, the fits to the position-velocity diagram are not well constrained.
Using the Gaussian fits to the spectra of the grouped maser spots, maser features were classified as disc-based masers if they lay within one synthesized beamwidth of the inferred midline of the disc, and within 25 mas (∼0.5 pc) of the inferred centre of the disc. Otherwise, they were classed as 'outflow masers'. This term is somewhat loose as it encompasses both the blueshifted mass of emission in the south-east as well as the maser features lying to the far south-west of the image with velocity between ∼480-525 km s −1 . While the majority of the first group appears to be convincingly tracing out emission in a nuclear outflow, a part of the blueshifted group and the redshifted group to the south-west appear to be roughly aligned with the projected disc and have velocities approximately in agreement with those predicted from the position-velocity diagram. Unless the opening angle of the nuclear outflow is extremely large, it does not seem likely that these maser features are formed from this material. It may be that these features are located within a loose torus of material that is yet to become part of the accretion disc or has been lifted off the disc in a hydromagnetic wind.
Using this scheme to classify the emission produces the results shown in Fig. 9 . Essentially, the spectrum can be split into a number of regions where the emission is dominated by a particular type of maser. Considering only the disc-based emission, the triple-peaked nature of the spectrum is more apparent, with clearly separated redshifted and blueshifted wings. The outflow emission fills in the spectrum between these wings.
One of the main objectives of the VLBI imaging of the megamaser emission was to identify the degree of blending in the singledish spectra, as well as the location and nature of the emission, in particular, to determine whether the disc and outflow masers have fundamental differences in either their spectral characteristics or in their variability.
From our data, there does not seem to be any significant differences in the spectral characteristics of the two groups. There is no significant difference in the linewidths of the disc and detected outflow masers, mostly because each of the groups displays a very wide range of linewidths. In both disc and outflow masers, the average linewidth was measured at ∼0.9 ± 0.2 km s above, there is a considerable underdetection of the emission in the VLBI images of the blueshifted spectrum where the majority of the outflow emission is found. The underdetection is possibly caused by a higher proportion of narrow, weak lines in the outflow, but is more likely due to the confusion caused by multiple sources. Restricting our analysis to strong lines only (with peak flux densities >1 Jy), as it is only these sources for which it is possible to measure their variability reliably, does not change the results. In both groups the average linewidth is still ∼0.9 ± 0.2 km s −1 . There does not appear to be any significant correlation between the peak flux density and linewidth of the maser features. There is some uncertainty in these results, as in the majority of cases the Gaussian fits have been made to a blended spectrum, or in the case of weaker lines, to only a few channels which may not span enough of the emission to accurately estimate the FWHM. Observations made at higher spatial and spectral resolution would be extremely valuable in better testing for differences in the maser populations. In summary, there is no obvious difference in the spectral profiles of the detected masers of the disc and outflow populations. We will discuss the scintillation measurements for these populations further in the next section.
Spectral blending
The agreement between the source profile determined from the VLBI and single-dish spectra gives an indication of the reliability of the single-dish profile. The profile of a source that is spectrally and spatially unresolved on VLBI scales is likely to be a good representation of the intrinsic profile of the maser.
Another valuable result of the VLBI imaging is that it can be used to estimate the degree of blending in the single-dish spectrum. Blending has two effects that concern us -that blending can create false spectral variability and that blending can lead to an averaging out of scintillation-induced variability. The first of these effects was seen in MEL07, where the susceptibility of the fitting process to baseline errors and blending from spectrally unresolved sources was shown to be a significant source of error, leading to false spectral variability. To be confident in our interpretation of the observed spectral variability, we need to be confident that this is not an effect in our observations.
Blending also has implications for the observed scintillation. For a single-dish observation, if the flux density of a spectral channel comprises emission from two or more spatially distinct sources, its intensity variation will be a superposition of the two sources own light curves. In the case of spatially distinct sources, where the separation of the sources is much greater than the scintillation scale, the scintillation patterns of the two components will be uncorrelated and the average amplitude of the flux density variations of the blending channel will be reduced. If there are multiple sources which are separated by a greater distance than the diffractive scale, but not the refractive scale, then we might expect the short timescale variability of each source to be uncorrelated, while the longer time-scale variability is correlated. As such, the short time-scale variability could be reduced in amplitude while the long time-scale variability is unaffected.
To estimate the degree of blending in the spectrum, we have taken each spectral channel of the VLBI spectrum and compared the flux density of the strongest maser feature to the total flux density. As such, a value of one indicates that the flux density of the channel is from a single maser feature, with lower values indicating the presence of contributions from other maser features. We distinguish between blending from spatially distinct sources and total blending, which includes the contributions from spatially distinct sources as well as spectral blending from within a maser group. Fig. 10 shows the spectrum with the degree of spatially distinct blending only, together with the 'total' blending. It is clear that the estimates of total blending are significantly higher than from spatially distinct blending, in line with our observation that the bulk of the emission is found in groups of maser spots with multiple peaks in their spectrum.
While we can be confident in our estimates of the level of spatially resolved blending, we should be more cautious with the estimates of total blending, based as they are on the results of fitting to blended spectra. Even with the high sensitivity of the VLBI spectra, the relatively coarse spectral resolution means that there is considerable degeneracy in the solutions. The results of the grouping procedure and the Gaussian fitting are included as Tables 4 and 5. The full versions of these tables are available in the electronic version of this paper. Figure 10 . Single-dish spectrum of the redshifted Circinus H 2 O megamasers in the second epoch, from Tidbinbilla, with estimates of spectral blending. The upper panel shows the degree of spatially resolved blending in the single-dish spectrum, indicated by colour in the plot of the average spectrum. The degree of blending is also plotted against velocity in a subplot underneath the spectrum. The lower panel shows the degree of total blending in the single-dish spectrum, as inferred from the Gaussian fits to the VLBI spectrum. The blending is defined by the ratio of the flux density of the dominant maser spot in a given channel, relative to the total flux density of that channel. Thus, a high value indicates that the emission in that channel is dominated by a single maser spot. The difference between the two types of blending is that the spatially resolved blending only considers the effect of multiple maser spots within a velocity channel while the total blending attempts to estimate the contribution of blending within groups of maser spots, through Gaussian fits. Note that the flux density axis has been restricted to better illustrate the structure of the weaker emission.
Maser variability
The Circinus megamasers display variability on a wide range of time-scales, both across the total spectrum and within the profile of individual maser lines. We separate the discussion of maser variability into two sections -interepoch and intra-epoch.
Interepoch change
As mentioned earlier in our discussion of the VLBI imaging, the Circinus spectrum has proved fairly stable in its overall structure while the individual maser features can vary dramatically between the epochs. In comparing the two epochs, we have seen a number of maser features emerge and disappear, while others have undergone less dramatic changes. Fig. 11 illustrates this, with the average spectrum showing the simple flux density difference and the proportional change in the average flux density of the spectrum between the two epochs. If we restrict the comparison to only those channels which showed relatively strong emission in both epochs, we see that the total flux density of the maser spectrum, as determined by averaging the spectra over the common velocity range, has increased by a factor of 36 per cent between epochs 1 and 2. At least part of this change is linked to the increased flux density of the main line, at 560.6 km s −1 . This single maser feature dominates the spectrum and can skew the total, as seen in the residual gain calibration. Removing the main line reduces the average increase to 30 per cent. Considering panel 3 of Fig. 11 , it can be seen that the change is not uniform across the spectrum, with the redshifted emission showing larger increases than the blueshifted. This is borne out in the integrated flux density, where the average increase in the blueshifted emission is 9 per cent, compared to an increase of 57 per cent for the redshifted emission. The changes in flux density seen in the single-dish spectrum can also be seen in the VLBI-identified maser features. The coarser resolution and known deficit in the blue spectrum does not make this as useful for analysis however. The redshifted spectrum also has a much greater range of variability than the blueshifted emission. This spectrum-wide variation is most likely linked to large-scale changes in the masing process, either in the pumping rate or the maser medium, as proposed by Neufeld (2000) .
If we look at the changes in individual channels, the proportional change in the flux density of individual channels displays an enormous range. With some maser features that have appeared or disappeared between the epochs, the flux density of a velocity channel can vary by up to a factor of 40 on a time-scale of 50 d. For sources which are reasonably strong in both epochs, variations of up to a factor of 10 are seen as indicated in Fig. 11 . The distribution of the relative changes in the flux density of the individual channels is shown in Fig. 12 , together with the fitted distribution. The fit indicates the average flux density of the channels in the second epoch is 123 ± 60 per cent of the flux density in the first epoch. The difference between the relative increase in the total flux and the channel-by-channel change is due the different effective weighting given to the two measurements. Taking the integrated flux gives much more weight to the variations of strong maser features while taking the channel-by-channel variations removes this bias, giving equal weight to the different channels. The variations of the large number of low flux density channels in the blueshifted spectrum thus become more important in the analysis on a channelby-channel basis.
These observations highlight the difficulties in carrying out a long-term monitoring program on the Circinus megamasers, given that in the relatively short interval between the observations individual maser features vary so dramatically. Table 6 illustrates this neatly in the number of sources that could be observed in both epochs. Of the sixteen individual maser sources listed, only four appear in both epochs and two of those (537.8 and 564.8) appear to be significantly blended. Generally the non-detection in one epoch is caused by changes in the peak flux density of the maser feature but it may also be caused by a higher level of blending. For example, the strong and highly variable sources seen at 477.2 and 584.9 km s −1 in the first epoch had both diminished to a peak flux density of ∼0.2 Jy by the second epoch. While the sources at 554.7 Table 4 . Sample list of the groups of maser spots. The columns list the average velocity, velocity range, mean RA and Dec. offset, peak flux density and the number of Gaussians fitted to the spectrum. The results of the fitting are included in Table 5 . Sample of the results of the Gaussian fits to the VLBI spectra. The first three columns list the fitted central velocity, FWHM and peak flux density of the line. The RA and Dec. of the source were estimated by the weighted average of the positions of the spots making up the spectral feature. The type column lists the identification of the maser feature, as defined in Section 3.1.2. A, C and E refer to the disc-based emission in the blueshifted, systemic and redshifted regions, B and D refer to the outflow masers. The blending column lists the peak blending, estimated as the peak flux density of the component divided by the total flux density of that peak channel. This is different from the previous estimate of blending, which estimated the ratio of the strongest component to the total. The final column μ lists the modulation index of the peak channel of the spectrum as estimated from the single-dish Tidbinbilla data. N/A indicates that the line was too weak to make any reasonable estimate of the modulation index. Asterisks indicate those sources which have been able to be identified and studied in the single-dish spectra. The full version of this and 555.9 km s −1 were observable in the second epoch because they had increased slightly in peak flux density while the level of blending had diminished.
Intra-epoch variability
Our discussion of the variability refers to the variability seen in the fitted profiles of the maser features. We have endeavoured to make these correspond to the results of the fits to the VLBI spectra. However, the lower signal-to-noise ratio in the 3-min integrations and the crowded spectrum make this challenging. For regions of the spectrum with a high degree of blending (such as the cluster around 605 km s −1 shown in Fig. 1 ), the fitted profile cannot be understood as representative of a maser. Included in Table 6 are the results of the Gaussian fits to the Tidbinbilla data, together with the estimated degree of blending, as defined previously. The blending estimate is made using the peak channel, as it is the peak channel that has the most influence on the fitted amplitude of the Gaussian profile.
Many of the sources appear to display variability on two distinct time-scales, one with a peak-to-peak time-scale of ≤1.5 h and another with a much larger time-scale with a peak-to-peak time-scale greater than the duration of our observations. The long time-scale variations can have significant amplitudes which affect the measured modulation index and characteristic time-scale. A good example of the long time-scale variability is seen in the light curve of the 519.9-km s −1 line in the second epoch, shown in Fig. 13 . The light curve shows a steady decrease in the flux density across the duration of the observation, overlaid with lower amplitude, shorter time-scale variations. One way of estimating the slow trend is to fit a second-order polynomial to the data. To measure the short timescale variability, the light curve has been divided through by the fitted trend. The ACFs of the original light curve and the detrended data are also shown, in the lower panel. It is clear that the properties of the rapid variability cannot be estimated without first removing the effects of the long time-scale variability.
The use of the low-order polynomial in estimating the long timescale variability has its limitations. The fitted polynomial often fails to reproduce the observed long-term variability, particularly towards the beginning and end of the light curves, or when there is an isolated large amplitude change. When a poor polynomial fit is applied to the data to remove the long time-scale variability, it can end up having the opposite effect.
It is better to estimate the long time-scale variability directly from the data. To do this, we have estimated the long time-scale variability by a smoothed version of the observed light curve, using a Gaussian filter with a FWHM of 2 h. This filter was chosen to remove the rapid time-scale variability which typically has a peak-to-peak timescale of 1-1.5 h. The smoothed light curves better reproduce the observed long time-scale variability. To study the short time-scale variability, the long time-scale light curves are subtracted out of the original light curves. This process is analogous to applying an inverse Gaussian taper in the Fourier domain, which severely downweights the low-frequency components while preserving the high frequencies. This allows the short time-scale variability to be more accurately estimated via the ACF and modulation index of the filtered light curve. The use of the smoothed data is preferable to Fourier transform techniques which suffer complications from the uneven sampling of the data. This technique also has the effect of dealing with isolated scintles that have a significantly larger amplitude than is seen in the rest of the light curve. As scintillation is a stochastic process, these events are not uncommon and should be averaged out when a sufficiently large data set is considered. For our observations of limited extent, this is not necessarily the case and the unusually large fluctuation can dominate the correlation function leading to a spurious long time-scale correlation. A good example of this is found in the light curve of the 477.24-km s −1 line in the first epoch which is shown in Fig. 14, along with its fitted trend and the resultant correlation functions. This light curve clearly shows variations with a peak to peak time-scale of ∼0.5 h, together with longer time-scale variations. However, using the DCF on the unfiltered light curve estimates the characteristic time-scale as 0.3 ± 0.2 h, significantly longer than the rapid variability. If the variability had a single dominant time-scale with a quasi-period of 2 h, then the correlation function should appear as a smoothly varying slope from a maximum at zero lag to a minimum at ∼1 h. Instead, we see two plateaus, starting at lags of ∼0.2 and 0.5 h. This is indicative of a range of time-scales in the data, with different magnitudes. In this case, the ACF is dominated by the variation at ∼10.5 UT, which appears to be considerably offset from the apparent mean level. The power in these fluctuations is considerable and the computed ACF is dominated by its duration of approximately 1 h. The effect of our detrending procedure using the smoothed data is to diminish the amplitude of this fluctuation, allowing the rapid time-scale variability to dominate the measured ACF. It has not completely removed the effect of the large amplitude fluctuation however, as the continued presence of the plateaus in the ACF indicate. Nevertheless, it is more effective than using the polynomial fit. In this case, the fitted polynomial has actually worsened the effect of the large fluctuation at ∼10.5 UT and increased its effect on the ACF.
The majority of the estimated long time-scale light curves are simple trends with at most a single inflection point. Where multiple inflections are seen, as in Fig. 14 , this is generally caused by the presence of an isolated, high amplitude variation. The amplitude of the slow component is usually seen as a change of 10-35 per cent across the duration of the observation. These values are likely to be underestimates of the true amplitude. The time-scale and modulation index of the long time-scale variability are essentially unconstrained by our observations, because of the limited duration. With at most one scintle observed, the fractional error in these quantities is of the order of unity.
We have previously interpreted the long time-scale variability as the result of refractive scintillation in the same screen as is responsible for the diffractive scintillation. This interpretation is fully consistent with our observations to date, without requiring any special conditions. Below we outline several alternative explanations, which appear less plausible, and then look at the implications of the refractive model. Several other possibilities were considered for the observed long time-scale variability -intrinsic variability, multiple scattering screens and extended source structure. The first scenario is considered to be highly unlikely, based on the current understanding of nuclear H 2 O megamasers. Neufeld (2000) published results on modelling the response of a nuclear H 2 O megamaser to changes in the central engine which in turn affect the pumping rate of the maser process. While changes in the X-ray flux or bolometric luminosity can cause changes in the maser luminosity, the time-scale of these changes is expected on the order of tens of days, not hours. Over the duration of our observations, no intrinsic variability should be detectable.
For multiple screens, the different time-scales in the data correspond to the characteristic time-scales of each of the screens. Given that the line of sight to Circinus passes through the thickness of the Galactic disc full of ionized material it seems plausible that the approximation of a single thin screen may not be appropriate. However, multiple screens are not required to produce the observed shows the proportional change in the flux density between the two epochs. This has been restricted to channels with a flux density greater than 0.2 Jy in both epochs. The scale is logarithmic and indicates the flux density of a channel in the second epoch relative to the first. The flux density limit was chosen to make the effects of noise negligible.
behaviour as we will now outline. For Circinus, the scintillation is almost certainly in the strong regime for any screens it encounters and so the observed scintillation is going to involve refractive scintillation already. In the scatter-broadening process, the radiation from the source is spread out over a 'seeing-disc', with an angular size corresponding to the angular size of the refractive scintles. When this scatter-broadened image encounters another screen, the larger image leads to a high level of quenching. The characteristic time-scale or variability in the second screen will be set by the size of the scattered image, which is proportional to the refractive time-scale set by the first screen. As such, scatter broadening tends to quench diffractive scintillation in subsequent screens, making their contribution negligible. The prospect of refractive scintillation in subsequent screens is plausible however, given the lower angular limits on refractive scintillation. In this case, the observed long time-scale variability would be a blend of several different long time-scales. While interesting, this would be indistinguishable from refractive scintillation from a single screen, at least with respect to our observations. It would only make itself manifest if the different screens had drastically different annual velocity cycles, either from their velocities or if the first screen imparted an anisotropic image via the refractive scintillation. Without any evidence to suggest this, we instead favour the simpler single screen model.
There is the prospect that the H 2 O masers in Circinus have some degree of extended structure, perhaps in the form of a core-halo structure. We can be fairly confident in ruling out this model, at least for sources which display large amplitude changes (∼10 per cent) on long time-scales. If the variations were caused by extended source structure, then the modulation index should be much reduced by quenching. Instead, the long time-scale variability is often significantly larger than the rapid variability in most sources, and often appears to be of considerable amplitude. Finally, for those sources with an apparently low level of long time-scale variability, our observations are shorter than the apparent time-scale and are hence susceptible to underestimation of the true amplitude of variability.
The modulation index and time-scale of refractive scintillation depend on the scattering strength of the medium. This quantity, ξ , is the ratio of the Fresnel scale, r F to the characteristic diffractive scale r diff , and can also be expressed as a function of the transition frequency, ξ = (ν 0 /ν) 1.7 , where ν is the observing frequency and ν 0 is the transition frequency at which the Fresnel and diffractive scales are equal (Walker 1998) . Walker (1998) gives formulae for calculating the modulation index and time-scale of the refractive scintillation, in the asymptotically strong regime. For the line of sight to Circinus, the NE2001 model of the ionized ISM in our Galaxy predicts a transition frequency of ∼70 GHz (Cordes & Lazio 2002) . The actual transition frequency may be somewhat higher or lower Figure 13 . Long time-scale variability in the 519.9-km s −1 line, and its effect on the time-scale estimation. The upper panel shows the light curve of the 519.9-km s −1 maser feature from the second epoch in black, the secondorder polynomial fit to the data in red, together with the smoothed version of the light curve which has been used in these observations in green. In the detrending process, the raw light curve has been divided by the estimated long time-scale light curve to leave only the rapid variability. The lower panel shows the discrete correlation function for the raw light curve and for the detrended data, using the same colours as in the upper panel. The characteristic time-scale of each of these correlation functions are indicated by a vertical line. These time-scales have been estimated taking into account the estimation error caused by the stochastic nature of scintillation. This error goes as ∝ √ t char /t obs . Hence, the detrended short time-scale data have smaller estimation errors and thus the estimated time-scale agrees well with the observed intercept of the half-maximum. In contrast, the slow variation is poorly constrained and thus has very large estimation errors (∼50 per cent). The estimated time-scale is larger than expected from a simple intercept at the half-maximum when this is taken into account. than this estimate however. For reasonable transition frequencies of 70-120 GHz, the 22.235-GHz water maser transition implies a scattering strength of ∼7-18. The modulation index of refractive scintillation is expected to be μ ref = ξ −1/3 , hence modulation indices of the order of ∼0.35-0.5 are expected. At this level, the scintles could be responsible for essentially nulling the source flux density, or amplifying it by a considerable factor. The characteristic time-scale is expected be t ref = t diff ξ 2 . As such, the refractive timescale is expected to be ∼50-300 times greater than the diffractive time-scale. In our current model of quenched diffractive scintillation, the angular size of the source is of the order of 5-10 times greater than the angular size of the diffractive scintles, and thus the refractive time-scale should be perhaps 5-60 times greater than the observed 'rapid' time-scale. This rough estimate spans a wide range of possible time-scales, but is definitely consistent with our observations, considering the peak-to-trough time-scales of 'rapid' scintles is usually between ∼0.2-2 h while the long time-scale variability is 6 h or more. Note that for quasi-periodic variability, the peak-to-trough time-scale should be approximately three times the characteristic time-scale (the half-width at half-maximum of the ACF).
If, as in our current understanding, the long time-scale variability were caused by unquenched refractive scintillation, then the statistical properties of the long-term variability should be the same for all the lines. That is, if a large enough sample of long time-scale scintles were observed, then there should be no difference between the different maser sources. While our observations are too short to accurately measure the properties of the long time-scale variability and thus test this, we can use the reverse argument -is the observed long time-scale variability of the different maser sources consistent with a single scintillation distribution? The answer is a qualified yes -simulations show that the observed range of long time-scale variability seen in the Circinus megamasers is consistent with refractive scintillation with a characteristic time-scale of 2 h and a modulation index of 0.3. The qualification is that again, the limited extent of the observations makes for poor constraints. The characteristic time-scale and modulation index could vary by up to a factor of 2 and still provide reasonable agreement. We take this result as indicating that the long-term variability is consistent with refractive scattering. It is likely that at least a portion of the observed interepoch variability is caused by the long time-scale variability, especially in the case of shorter duration observations. Fig. 13 illustrates this with the light curve of the 519.9-km s −1 feature in the second epoch, which displays a steady downwards trend over the 6.5-h duration of the observation. With observations spanning at most half a scintle we cannot reliably estimate the intrinsic mean flux density. To do this, we would need to average over many scintles.
To estimate the effect of this on our average spectra, we have used simulations of refractive scintillation, using parameters which match the observed distribution of long time-scale variability. For refractive scintillation with a characteristic time-scale of 2 h and modulation index 0.3, the average flux density measured over an 8-h observation, corresponding to epoch 1, has an estimation error of ∼20 per cent. For epoch 2 with a duration of 6.5 h, the estimation error is ∼23 per cent. Thus, the average fractional change between the epochs should be of the order of 40 per cent. This is less than the ∼60 per cent variations seen in the interepoch variability but is obviously a potentially significant contribution.
Turning to the rapid variability, we see a large range of behaviours in the different maser lines, with modulation indices between 0.08 and 0.27 and time-scales between 0.09 and 0.25 h. Fig. 15 shows the light curves for a number of maser lines, which illustrates some of the diversity. The variability often appears to be quasi-sinusoidal, as indicated by the relatively deep first minima seen in the ACFs.
For the first epoch, there appears to be a relatively strong anticorrelation between the time-scale and modulation index as shown in Fig. 16 . However, this is not apparent in the larger sample of the second epoch observations. For quenched diffractive scintillation, the source size is greater than that of the diffractive scintles. As such, at any given time, there are multiple diffractive scintles interacting with the brightness distribution of the source. As these scintles are independent, the result is a smoothing out of the intensity variations, leading to a reduced amplitude of variability. The amplitude of the variations is reduced in proportion to the square root of number of independent scintles. The number of independent scintles can be estimated by comparing the angular area of the source with that of the diffractive scintles. From Narayan (1992) , the diffractive scintles can be thought of as coherent patches surrounding patches of stationary phase, each of size ∼ r diff and randomly distributed with separations ∼ r diff . As such, the effective area of these diffractive scintles can be considered as ∝ r 2 diff . If the area of the source exceeds that of the diffractive scintles then quenching will occur. For an isotropic source the projected length is r S = Dθ S , then the area is obviously ∝ r 2 S . The modulation index will be reduced from unity, as for unquenched diffractive scintillation, to r 2 diff /r 2 S and hence to r diff /r S . This result has been used widely and features in Walker (1998) . For anisotropic sources, the area relationship still holds for sources whose angular size exceeds that of the diffractive scintles for all orientations. In terms of the measured time-scale of variability, the dominant time-scale expands from the diffractive time-scale r diff /|v| to r SV /|V |, where r S is the size of the source as projected on to the screen.
For an isotropic source, the projected length is constant, regardless of orientation and thus the time-scale is simply a function of the magnitude of the ISM velocity. For an anisotropic source, the time-scale depends on both the magnitude and orientation of the velocity. As such, if we have two sources, identical in area but with different orientations, the resultant light curves will have different characteristic time-scales but with the same modulation index. In the case of the Circinus masers, we interpret the observed distributions of modulation index and time-scale, and the lack of correlation between them, as representing a range of source sizes and differing degrees and orientations of anisotropic structure.
The relationship between the modulation index and time-scale can be used to determine information about the scattering medium. In the simplest case using isotropic sources, taking the product of the modulation index (r diff /r S ) and the time-scale (r S /|V|) yields the diffractive time-scale t diff = r diff /|V|. Equivalently, we could choose to express the time-scale as a function of the modulation index, by t char = t diff /μ. For an anisotropic source, the situation is more complex. If we model the brightness distribution of a maser source as an anisotropic elliptical Gaussian source, of minor axis length r S / √ α, major axis r S √ α where α is the axial ratio. The diffractive scintles are assumed to be smaller than the source and hence any anisotropic structure is rendered unobservable -the only effect of the diffractive scintles structure is in terms of the area of the scintles, relative to the sources. As such, we can describe them as of a characteristic size r diff . The modulation index of the quenched scintillation becomes μ = r diff /r S where r S is the equivalent isotropic length. The characteristic time-scale of the scintillation will be given by r SV /|V | = r S α(φ)/|V |, where α(φ) represents the axial ratio of the projected length against the equivalent isotropic length for a velocity at angle φ to the major axis of the brightness distribution. This varies between 1/ √ α for velocities orthogonal to the major axis and √ α for velocities parallel to it. Hence, the product of the modulation index and characteristic time-scale becomes t diff α(φ). Expressing the time-scale as a function of modulation index yields
If, as in the case of Circinus, we see a range of time-scales associated with a given modulation index then we can interpret this as the effect of different sources with the same effective area, but with a range of axial ratios as projected along the velocity axis. The range of time-scales then represents different cuts along the anisotropic source structure. The longest time-scales represent sources where the major axis is aligned with the velocity vector. Fig. 16 plots the characteristic time-scale for the rapid scintillation of the sources against their modulation indices for epochs 1 and 2, respectively. Also plotted are some models of the predicted relationship, which illustrate the effects of anisotropy. The two data sets are quite different from each other. The data from the first epoch are widely spread in both μ and t char , but these quantities appear to be closely linked. Fitting the data with an isotropic model gives a diffractive time-scale of 0.023 h, which is shown in Fig. 16 as the solid red line. By contrast, the data from the second epoch has almost twice as many sources but with a smaller range of timescales and modulation indices. The data show no clear correlation between modulation index and time-scale and the isotropic model is clearly inappropriate. Fitting the distribution as a range of sources with different axial ratios gives an effective diffractive time-scale of 0.015 h and maximum axial ratio of ∼5. The latter quantity was estimated by the ratio of the maximum and minimum μt char values. The formal error in the axial ratio estimates is approximately 60 per cent. The difference between the observations of the two epochs is mostly caused by the presence of the outlying sources. Restricting the analysis to sources with 0.1 < μ < 0.2 does not significantly affect the fit to the data from the first epoch. For the second epoch, the fitted t diff increases to 0.023 h, matching the first epoch. The low-modulation index/short time-scale sources seen in the second epoch appear to be unusual.
There are several items of note here in the relationship between μ and t char . The first is that an isotropic model is identical to having anisotropic sources which happen to have a common projected length along the velocity axis. As such, any estimation of the diffractive time-scale may be skewed by the effects of source structure. The most likely scenario where this would occur would be where the different anisotropic sources were closely aligned. For Circinus, with the H 2 O megamasers originating in a circumnuclear accretion disc, this might seem plausible. However, the low rotation speed of the disc, together with the apparent clumpiness and prevalence of off-disc emission indicates that peculiar motions within the masing medium are dominant rather than the large-scale rotation of the disc. As such, the brightness distribution of the H 2 O megamasers is more likely an effect of local conditions. Also, this bias becomes increasingly unlikely when the observations span many lines.
Secondly, the axial ratio estimated by comparing the maximum and minimum of the μt char can only be a lower limit of the true axial ratio of the sources. To obtain the greatest axial ratio would require that the sample includes two sources with the most extreme axial ratios, one with its major axis parallel to the velocity and the other its minor axis. Such an arrangement is extremely unlikely.
Thirdly, note that for modest axial ratios, significantly long characteristic time-scales of 0.3 h and above can be expected at relatively high-modulation indices. The long time-scale removal process that we have applied will begin to average out some of these variations. We have checked the data from both epochs and the only source which shows significant variability on this time-scale is the 519.8-km s −1 source in the first epoch, which had its time-scale correctly estimated. Other sources in the second epoch with lowmodulation indices display rapid variability with time-scales 0.1-0.2 h. The main consequence of our long time-scale removal is likely to be a selection effect, where the only sources with a lowmodulation index that display rapid variability are those with a low α(φ). Those with moderate or high values will naturally have time-scales which will be affected by the smoothing. The lowmodulation index, rapidly varying sources in the second epoch may also be affected by spectral blending. Uncorrelated variability from the blending source will decrease the measured modulation index, but not necessarily affect the characteristic time-scale if the blending lines have either a comparable time-scale or a much slower one. There is no obvious correlation between the estimated degree of blending and modulation index however, and one of the low-μ sources (the 564.9-km s −1 line) has no indication of any significant spectral blending.
The good agreement for the estimated diffractive time-scale between the two epochs (when the low-modulation index sources of the second epoch are excluded) is interesting and perhaps indicative of an annual cycle which displays very little modulation in the transverse speed. This could be caused by the scattering screen having a high velocity with respect to the Local Standard of Rest (LSR), which is probable for a distant screen.
The possibility of anisotropic structure and its role in determining the characteristics on the observed scintillation has implications for the measurement of an annual cycle. The measured time-scale depends on both the effective projected length of the scintillation pattern and on its relative transverse speed. While the changes in the speed should be common to all the maser sources, masers with different source structures will have different variations in projected length over the course of the year. The result is that each maser source will have its own annual cycle in characteristic time-scale. Combined with this, the masers are known to vary considerably in flux density of a time-scale of months and may undergo considerable intrinsic changes over the course of the year.
We have found that there is an anticorrelation between the FWHM of the maser line and the modulation index of rapid variability. Fig. 17 plots the linewidths and modulation indices for all the observed sources, except the 537.8-km s −1 line which has significant levels of blending (making the fitted linewidth unreliable). The only source which diverges from the anticorrelation is the 477.2-km s linewidth. Instead, the source appears to be intrinsically broad and highly active. It may be significant that this source is the only systemic maser, if these sources have a significantly different geometry and differ structurally from the other masers in the outer disc and outflow.
The anticorrelation can be understood as indicating a relationship between angular size, as indicated by the modulation index and the spectral width. Sources with a small angular size, and hence large modulation index, are thus associated with narrow linewidths. This can be understood if the masing medium contained a relatively uniform velocity gradient. A larger angular brightness distribution will encompass a larger velocity range than a smaller one, thus providing the observed anticorrelation between linewidth and modulation index. Interestingly, the opposite relationship has been seen in Galactic water masers -sources with the widest linewidths have been found to associated with the smallest angular sizes, and hence regions of greatest velocity gradients (Gwinn 1994) .
Given that the majority of the maser sources detected are redshifted disc-based masers the prospect of a common velocity gradient is reasonable. The departure of the 477.2-km s −1 line from the fitted linear relationship would imply that it arises in a region with a larger velocity gradient than for the redshifted emission. It would be interesting to see if this difference between the sources is borne out by future observations of variable systemic masers.
Spectral variability
The spectral variability observed by MEL07 in ATCA data is also present in our observations, in a number of strong lines. Fig. 18 shows the fitted flux density, FWHM and central velocity of the 560.6-km s −1 line for epoch 2. Fits to the VLBI spectra indicate that this maser feature has a low level of blending across the region of the spectrum that was used in fitting the Gaussians to the Tidbinbilla single-dish spectrum. The variations in the FWHM and central velocity are significantly larger than the estimated errors, have time-scales equal to or slightly faster than the intensity vari- Figure 18 . Variations in the peak flux density, FWHM and central velocity of the Gaussian fit to the 560.6-km s −1 line in the second epoch. Note that the variability in the spectral characteristics is both rapid and uncorrelated with any other quantities.
ations, and most importantly, are uncorrelated with them. It was noted in MEL07 that observing strong correlations between the spectral variability and the intensity variations is indicative of spectral blending rather than scintillation-induced spectral variability.
The spectral variability is readily understood in the quenched diffractive model. In Galactic H 2 O masers, different velocity channels of a water maser feature are often offset in their centroids of emission because of velocity gradients in the medium or display different sizes or morphologies (Imai et al. 2002) . Any of these phenomena is sufficient to cause the observed spectral variability in the Circinus megamasers.
In our single-dish spectra, we have extremely good velocity resolution (0.05 km s −1 ), which provides at least ten channels across the FWHM of the narrowest maser features. Across this range, we might expect the differences in source brightness to be relatively small, unless there is a significant level of blending that only affects one side of the maser feature. When a Gaussian profile is fitted to the spectral profile the correlated variation in the intensity will not cause spectral variability as the effect of correlated variability merely scales the profile up or down. Hence, spectral variability as seen in the central velocity and FWHM are essentially tracking the uncorrelated variability between the channels. The relatively small amplitude of these variations is indicative that the source structure does not change dramatically between the different channels of the maser feature.
Given this, it would appear to be more useful to examine the spectral variability of the Circinus masers through the individual velocity channels. One technique is to form a dynamic spectrum of the maser source. Fig. 19 shows the 3-min average data for the channels of the 560.6-km s −1 line in the first epoch. Each of the velocity channels has been normalized by its mean flux density level. Note that the scintles appear as vertical bands running across the spectrum, indicative of the high degree of correlation seen between the channels of this feature. That said, the different channels do differ from each other, marginally more than can be explained by the effects of noise. The differences are quite subtle in this source. It should be emphasized here that the decorrelation between channels is not explicable as the effect of the diffractive bandwidth. To be causing even modest decorrelation across the 1-km s −1 width of the feature would require a scattering strength of more than 200, which corresponds to a transition frequency of 500 GHz or more. This is not plausible. We can infer some properties of the H 2 O maser microstructure by using the degree of correlation between the variability patterns of different channels, as this should correspond to the degree of correlation between the brightness distributions of the different channels. There is also the possibility of detecting time delays between the different maser channels, in the same way that time delays have been detected between different frequency or polarization components of scintillating AGN notably PKS B0405−385 (Rickett et al. 2002) and PKS B1257−326 (Bignall et al. 2003) . We can also study the scintillation characteristics of the different channels of the maser features to see if there are morphological differences between the channels within an isolated maser feature.
We have examined our data and we do indeed see these effects -maser features where the modulation index and time-scale varies across the maser feature and sources where there is an apparent time delay between the time-series of the different channels. However, the analysis of this is complex, and will be presented in a future publication. For now, we simply indicate that the observed spectral variability is consistent with quenched diffractive scintillation of maser sources where the brightness distribution differs with velocity, and that using the variations in the central velocity of a fitted Gaussian profile is a useful way of obtaining a time-series which has a high signal-to-noise ratio and is resistant to gain-type errors.
Time delay
Because of the lower sensitivity and weaker main line in the first epoch, the error level in the time delay estimation was much higher than in the second epoch. The noise level was sufficiently high that no significant time delay measurements could be made. In the second epoch, the error level in the time delay measurements was much less, so that although no significant time delays were obtained the error levels were sufficiently low so as to yield useful constraints on the ISM speed. Using our error estimates, lower limits can be placed on the velocity of the scintillation medium.
The expected time delay can be expressed as (Coles & Kaufman 1978) where r is the vector connecting the two telescopes, v is the ISM velocity vector,Ŝ is the scintillation pattern and R is the axial ratio of the scintillation. During our observations in the second epoch, we have four useful time delay upper limits made over the course of 5 h. During this time, the baseline vector connecting the Tidbinbilla and ATCA telescopes changes significantly in both length and orientation. As such, each time delay non-detection places a limit on the speed of the ISM along that particular vector in the RA-Dec. plane. By combining measurements made across the duration of our observations, we can arrive at a reliable lower limit for the ISM velocity. Fig. 20 shows the final confidence intervals for an isotropic source. The best constraints are along the north-east/south-west axis, which corresponds to the average baseline orientation for these observations.
We have investigated the effect of anisotropy of the obtained velocity lower limits. Highly anisotropic structures (R ≥ 10) in the scintillating medium have been inferred from observations of some rapidly scintillating AGN [J1819+3845 (Dennett- Thorpe & de Bruyn 2003) and PKS B1257−326 (Bignall et al. 2006) ]. We currently have no strong constraints on the axial ratio of the scintillation pattern, although preliminary analysis of data collected It is possible for an anisotropic scintillation pattern to have an extremely small time delay, even when the speed of the ISM is very low. For a single observation, it is impossible to determine whether this effect is responsible for the non-detection of a time delay even for a very low ISM speed. However, this will only occur for relatively specific arrangements of the baseline and velocity vectors, together with the major axis of the anisotropic scintles. This arrangement also implies that the time delay will be increased for baseline vectors orthogonal to the first, and will return to the anisotropic case for baselines at 45
• to the first. For our observations, the structure of the scintillation pattern and ISM velocity can be considered as fixed quantities but the baseline vector varies in both length and orientation as the Earth rotates. For our observations, the effective baseline vector has rotated through 40
• between our first and last time delay measurements. This range of baseline orientations is sufficient to exclude the prospect of our non-detections being caused solely by an unfavourable combination of the ISM structure and velocity. When the non-detections of the four individual time delay measurements are combined to estimate the velocity limits, the anisotropic solutions which would imply that a given non-detection is an effect of the anisotropy tend to be cancelled out by the nondetections on the other baselines. Fig . 21 shows the confidence intervals of the derived speed for various axial ratios. The intervals are not indicative of a particular orientation of the scintillating structure, but instead represent the least constrained velocity solution with respect to this. This conservative approach has been adopted because of our lack of complementary evidence in constraining the extent or orientation of the anisotropic structure. As the velocity limits obtained for anisotropic structures converge to a narrow ellipse with increasing axial ratio (as shown in Fig. 21 ) we use the highly anisotropic case to estimate our final confidence interval for the velocity.
The lower limit on the ISM velocity has implications for fitting an annual cycle. The time-scale of scintillation is a one-dimensional 
Velocity of an LSR screen Velocity for day 214 1 σ limit 2 σ limit 3 σ limit Figure 22 . Lower limits on the velocity, derived using an anisotropic screen with an axial ratio of 10. Also shown is the predicted velocity of a scattering screen at rest with respect to the ISM. Our estimated limits of the ISM velocity on DOY 214 can thus be used to constrain the peculiar velocity of the ISM screen. measurement and, in the absence of anisotropic structure, varies according to the inverse of the relative speed of the ISM. Fig. 22 shows the expected velocity cycle of a screen, together with the estimated velocity lower limits, for a screen at rest with respect to the LSR, in the direction of Circinus. If the scattering medium has some peculiar velocity, the velocity ellipse is effectively displaced leading to a different annual cycle. The confidence levels attached to various velocities for DOY 214 are thus also attached to peculiar ISM velocities and their annual cycles. For a screen at rest with respect to the LSR, the expected velocity on DOY 214 (epoch 2) is approximately [v α , v δ ] = [10, −10] km s −1 . This velocity can be ruled out by our observations at a confidence level of ∼87 per cent, or less than 2σ . This result will prove useful in fitting for annual cycle variations.
C O N C L U S I O N S
The joint VLBI/time delay experiment carried out in 2004 has yielded a considerable number of insights into the Circinus megamasers. The results of the VLBI imaging agree well with the previous observations of Greenhill et al. (2003a) and trace out a pc-scale accretion disc and clumpy, wide-angle outflow. The overall structure of the maser population within the maser disc appears to be quite stable, even though there is considerable change in the flux density of the individual maser features. With the milliarcsecond resolution of our observation, many maser features still appear in blended spectra. For unblended spectra, there do not seem to be any obvious differences in the two populations of redshifted and blueshifted disc masers or between the disc-and outflow-based emission, except for the asymmetry in the flux densities between the redshifted and blueshifted emission. Scintillation appears to have little effect of the imaging process for velocity channels with only a single source in the field. When there are spatially distinct sources, the amplitude 'errors' caused by scintillation lead to phase errors as the source visibilities are summed. This leads to decorrelation and position errors. To the resolution of these observations, there does not appear to be any difference in the spectral characteristics of the disc and outflow masers.
To better investigate the intrinsic spectral profiles of the Circinus water megamasers, future observations with higher spectral and angular resolutions are desirable. This could be achieved with the inclusion of the Hartebeesthoek 26-m radio telescope in the array of the Australian LBA antennas and using the broader bandwidth and more flexible spectral characteristics of the new disc-based recording system and software correlator.
The variability of the Circinus megamasers spans a range of timescales. The flux density of the channels in the average spectrum shows an rms fractional change of 60 per cent when the two epochs are compared. It is not uncommon to see changes of up to a factor of 10 on a time-scale of 50 d for some maser features. Of the 12 sources that were able to have their variability characteristics measured in the second epoch, only four were previously detected in the first epoch and two of those appear to be significantly blended. Variability on time-scales of months is believed to be caused by a combination of intrinsic variability and refractive scintillation.
The observed variability of the Circinus megamasers is consistent with our model of strong scintillation in a distant screen. The rapid variability is a result of quenched diffractive scintillation while the long time-scale variability is due refractive scintillation. The model requires that the maser sources have some degree of anisotropic structure, with modest axial ratios of a few. Spectral variability occurs as a result of slight differences in the brightness distributions of the different spectral channels making up the maser features.
There is evidence for anisotropic structures in the microarcsecond brightness distribution of the maser features. In plots of the modulation index against characteristic time-scale, there is a scatter which is consistent with a range of anisotropic structures with an axial ratio 5. The diffractive time-scale estimated from the data from fits appears to be constant between the two epochs, indicating that the transverse speed of the scattering screen has not changed significantly between the two epochs.
There is an anticorrelation between the FWHM and modulation index of the unblended maser features. Interpreting the modulation index as representing angular size, this implies that lines with a smaller linewidth also have a smaller angular size. Given that most of the observed maser features are redshifted disc-based masers, a common velocity gradient is not unreasonable. Only one maser feature does not fit this correlation, which is the 477.2 km s −1 observed in the first epoch. This is the only systemic maser feature that was strong enough to show detectable variability in either epoch. It may be that the systemic masers are different from the other disc-based masers in that they occur in regions with a higher spatial velocity gradient. The time delay experiment did not detect any significant time delay between the scintillation patterns recorded at Tidbinbilla and the ATCA in the second epoch. This non-detection sets a lower limit on the velocity of the ISM pattern. Repeating these observations with the inclusion of the Hartebeesthoek radio telescope could considerably improve the possibility of a detection of the time delay. With a baseline length an order of magnitude greater than is available to the Australian LBA telescopes. Also, the baselines to Hartebeesthoek are nearly orthogonal to the LBA baselines, which assist greatly in constraining the role of anisotropy. Although it is a smaller telescope with correspondingly lower sensitivity, the observation should be able to better the current velocity limits by a factor of 3 or so. If the maser line flared to a higher flux density or if another line achieved a comparable flux density, this would improve the prospects further.
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